The current investigation aimed to develop a biomimetic, three-dimensional (3D) culture system for poorly adherent bone metastatic prostate cancer cells (C4-2B) for use as an in vitro platform for anticancer drug screening. To this end, hyaluronic acid (HA) derivatives carrying complementary aldehyde (HAALD) and hydrazide (HAADH) groups were synthesized and characterized. In situ encapsulation of C4-2B cells was achieved by simple mixing of HAALD and HAADH in the presence of the cells. Unlike two-dimensional (2D) monolayer culture in which cells adopt an atypical spread morphology, cells residing in the HA matrix formed distinct clustered structures which grew and merged, reminiscent of real tumors. Anti-cancer drugs added to the media surrounding the cell/gel construct diffused into the gel and killed the embedded cells. The HA hydrogel system was used successfully to test the efficacy of anti-cancer drugs including camptothecin, docetaxel, and rapamycin, alone and in combination, including specificity, dose and time responses. Responses of cells to anti-neoplastics differed between the 3D HA hydrogel and 2D monolayer systems. We suggest that the data obtained from 3D HA systems is superior to that from conventional 2D monolayers as the 3D system better reflects the bone metastatic microenvironment of the cancer cells.
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Introduction
For prostate cancer, five year survival rates for local disease approach 100% while for bone metastatic disease the five year survival rate is less than 35% [1] . A major reason for the large discrepancy between the survival rate for local and advanced disease is a lack of effective therapies to treat bone metastases. The majority of prostate cancer bone metastases is osteoblastic in nature [2] .
Because of the low efficacy of current treatments for bone metastatic disease and the number of potential lives that could be saved or extended with new therapeutics, there is considerable interest in developing new systems to test potential drugs more quickly and accurately [3] . In the late 1980's the National Cancer Institute (NCI) developed an in vitro drug discovery tool to efficiently test new therapeutics using 60 different well characterized human cancer cell lines. Since its induction, this system has remained the gold standard of anti-cancer drug discovery [4, 5] . Of the 60 cell lines in the screen, called the NCI-60, only two are derived from prostate cancers, a disproportionately low number when compared to the disease's prevalence. A promising group of prostate cancer cell lines, called the LNCaP series, was disqualified from the NCI-60 panel because they adhere poorly to plastic, frequently detaching during the standard assay protocol. The LNCaP series is one of the best prostate cancer progression models available. C4-2B cells, an LNCaP subline typical of bony metastases, form osteoblastic lesions when injected into mice [6] . The ability to test new anti-cancer therapeutics on C4-2B cells offers a great advantage to the development of therapies to treat advanced prostate cancer growing in bone.
For this study, we selected three anti-cancer drugs with different mechanisms of action and clinical relevance in the treatment of bone metastatic prostate cancer to test in the current investigation. Camptothecin (CPT) is a classical chemotherapeutic that is well known to efficiently cause an apoptotic response in prostate cancer cells. Due to adverse side effects and poor solubility, it is not administered clinically, but two analogues have been used to treat advanced prostate cancer [7] . Docetaxel (DOX) is the standard of care for advanced prostate cancer and considerable interest has been expressed for using it as a part of combination therapies [8] . Rapamycin (RAP) is currently in clinical trials for many different types of cancer, including prostate, and shows promise as a part of combination therapies [9] . Comparisons of the mechanisms of action and properties of these three drugs are outlined in Table 1 [9] [10] [11] [12] .
In addition to disqualifying poorly adherent cells, which may in fact better mimic metastatic cancer cells than do cells forming tight focal adhesions to plastic, monolayer drug discovery systems have additional disadvantages. On stiff and planar plastic surfaces typically used for culture of mammalian cell lines, adherent cells adopt a sheet-like morphology which is atypical of solid tumors. This flat morphology affects gene expression, cell behavior, and drug sensitivity [13, 14] . Additionally, the microenvironment of the cancer cells, specifically the chemical composition, nanoscale organization, and physical properties of their extracellular matrix (ECM), affect sensitivity to anti-cancer drugs [15, 16] . To remedy this, 3D culture systems based on porous synthetic polymer scaffolds [13, 17] , reconstituted ECM components [18, 19] , and fibroblastderived 3D matrix [20] have been developed to better simulate the tumor microenvironment. Although tumor cells residing within artificial 3D matrices generally adopt tumor-like tissue morphology [21, 22] , limitations exist for these culture systems. While synthetic scaffolds based on poly(lactide) or poly(lactide-co-glycolide) can be used, these are not natural matrices and hence do not provide extracellular cues as would native ECM. Additionally, matrices constructed from isolated biological sources can be variable in composition and hence irreproducible [16] .
Hyaluronic acid (HA) is a ubiquitous nonsulfated glycosaminoglycan that is prevalent in the bone marrow [23] [24] [25] . HA is highly expressed in malignant tumors, making it an integral component of the microenvironment of bone metastatic cancer cells [26] . Through interaction with its receptors, cluster designation 44 (CD44) and receptor for hyaluronan mediated motility (RHAMM), HA alters the biological activity of cancer cells by activating many signaling pathways including the transforming growth factor b (TGF-b), Rho GTPase, and focal adhesion kinase (FAK) pathways [27] [28] [29] . These biological changes may play a role in the cell's response to chemotherapeutic drugs [30] . Thus, HA-based, covalently cross-linked, 3D hydrogel matrices are attractive candidates for in vitro investigation of novel therapeutics targeting osteoblastic prostate cancer cells. In this study, we present the use of an in situ crosslinkable HA hydrogel system (Fig. 1) . Here, we performed a systematic comparison of C4-2B cell killing by three therapeutic agents in 2D versus 3D HA matrices.
Materials and methods

Materials
Hyaluronic acid (HA, sodium salt) of high (HMW, 1.1 MDa) and low (LMW, 490 kDa) molecular weights was generously donated by Genzyme Corporation (Cambridge, MA). Sodium periodate (NaIO 4 ), ethylene glycol, adipic dihydrazide (ADH), 1-ethyl-3-[3-(dimethylamino)propyl] carbodiimide (EDC), sodium hydroxide (NaOH), hydrochloric acid (HCl) and 1-hydroxybenzotriazole (HOBt) were purchased from Aldrich (Milwaukee, WI). Dimethyl sulfoxide (DMSO), acetone, acetonitrile and isopropyl alcohol were obtained from Fisher Scientific (Waltham, MA). DOX (LKT Laboratories, Saint Paul, MN), CPT (Sigma-Aldrich, Saint Louis, MO), and RAP (A.G. Scientific, San Diego, CA) all were purchased commercially. All chemicals were used as-received. All cell culture reagents were purchased from Invitrogen (Carlsbad, CA). 1Â Dulbecco's phosphate buffered saline (DPBS) was purchased from Cellgro (Herndon, VA).
Cell culture
C4-2B cells were maintained in Corning (Lowell, MA) tissue culture 75 mm flasks at 37 C in 5.0% (v/v) CO 2 in T-medium supplemented with 5% (v/v) fetal bovine serum (FBS) and 100 U/ml penicillin G sodium and 100 mg/ml streptomycin sulfate in 0.085% (w/v) saline (PS). Medium was changed every two days. Cells were routinely passaged using 0.25% (w/v) trypsin with ethylenediaminetetraacetic acid (EDTA) 4 Na. 
Synthesis of HA derivatives
HA derivatives were prepared as previously described with minor adjustments [31, 32] . To synthesize HA aldehyde (HAALD), HMW HA was allowed to react with sodium periodate in aqueous media at room temperature in the dark for 2 h. The degree of oxidation was 12% as determined by iodometry (data not shown) [33] . The excess NaIO4 was deactivated by ethylene glycol before the reaction mixture was subjected to dialysis (MWCO 10,000, Spectra/Por membrane, Spectrum Laboratories, Rancho Dominguez, CA) and freeze drying. The molecular weight of HAALD was 200 kDa as determined by Shimadzu (Columbia, MD) high-performance liquid chromatography (HPLC) system operating in size exclusion chromatography (SEC) mode using an RID-10A refractive index detector and a two TSK gel columns (Tosoh Bioscience, Montgomeryville, PA) calibrated by HA molecular weight standards (Lifecore Biomedical LLC, Chaska, MN). Sodium acetate buffer (pH 6.7, NaCl 0.2 M) was used as the mobile phase, the flow rate was 0.5 ml/min and the sample concentration was 1 mg/ml.
Separately, HA adipic dihydrazide (HAADH) was synthesized by carbodiimide mediated coupling of ADH with the carboxyl groups of HA in aqueous media. Specifically, a 30 molar excess of ADH was added to the HA (LMW) solution (2 mg/ml). Solution pH was adjusted to 6.8 using NaOH (0.1 M) and HCl (0.1 M). EDC (5 mmol) and HOBt (5 mmol) were dissolved separately in DMSO/H 2 O (1/1 volume ratio, total of 10 ml) and added to the HA solution sequentially. The solution pH was maintained at 6.8 for at least 6 h. The solution pH was subsequently adjusted to 7.0 and exhaustively dialyzed against deionized (DI) water. NaCl then was added to produce a 5% (w/v) solution, and HAADH was precipitated in ethanol. The precipitate was re dissolved in H 2 O and dialyzed again to remove the salt. The purified product was freeze-dried and stored at 4 C. A 37% ADH incorporation was determined by 1 H NMR spectroscopy (AV400 NMR). The molecular weight of HAADH was determined to be 298 kDa following the same procedure described above.
Culturing cells in HA hydrogel
HA derivatives were dissolved separately in 1Â DPBS at a concentration of 10 mg/ml overnight at 37 C. The HA solutions were sterilized by UV irradiation (254 nm) for 30 min prior to cell encapsulation. C4-2B cells were detached from the flask with a 0.25% (w/v) trypsin/EDTA 4 Na and the total number of cells was counted using a hemocytometer (Hausser Scientific, Horsham, PA). Cells were pelleted by centrifugation for 1 min at 5000 RPM and the medium was removed. Cell culture inserts (Millipore, Billerica, MA, diameter: 12 mm, pore size: 0.4 mm) were pre-wet in T-medium then placed in the wells of a 24-well culture plate (Beckton-Dickenson Labware, Franklin Lakes, NJ). HAADH (100 ml) was added to the HAALD solution (100 ml) containing dispersed C4-2B cells (1 Â10 5 ). After thorough mixing, the solution was pipetted into a cell culture insert and was incubated for approximately 10 min at 37 C. T-medium (1 ml) was subsequently added around the insert and the construct was incubated at 37 C and 5.0% (v/v) CO 2 . Cells cultured on 2D in a 24-well culture plate were used as the control.
Treating cells with drugs
After 24 h incubation in hydrogels or on plastic surfaces, cells were treated with DOX, CPT, RAP, or their respective combinations. Drugs were diluted in DMSO to a concentration such that 1 ml of each dilution could be added to each of the cultures to produce the desired final concentration. Vehicle control cultures were treated with 1 ml DMSO. For cultures growing in monolayer on plastic, drug dilution or DMSO (1 ml) was added to the medium on top of the cells. For 3D cultures, the drug or DMSO (1 ml) was added to the medium around the gel containing insert. The cultures were swirled gently to evenly disperse the drug.
Immunostaining
For all immunostaining procedures, cells growing on plastic were cultured in an 8 well Lab-Tek II Chambered Coverglass (Nalge Nunc, Naperville, IL) while cells in HA hydrogel were cultured in 24-well plates as described above. For live/dead staining, SYTO-13 green fluorescent nucleic acid stain and propidium iodide red fluorescent nucleic acid stain, both from Invitrogen, were diluted 1:1000 (v/v) each in DPBS. Medium was removed from cells plated on plastic and the 1 ml of the immunostaining mixture was applied. For HA hydrogel cultures, 1 ml of the immunostaining mixture was applied to an empty well and the hydrogel-containing insert was removed from the medium and placed in the immunostaining mixture. The cultures were incubated for 15 min then visualized using confocal microscopy on a Zeiss LSM 510 VIS (Carl Zeiss, Maple Grove, MN). To visualize cells in HA hydrogels, the hydrogel-containing insert was transferred to a 1 well Lab-Tek II Chambered Coverglass (Nalge Nunc) prior to imaging on the confocal microscope.
For cytoskeleton visualization of monolayer cultures, medium was removed and chambers were washed with DPBS. Cells were fixed using 4% (v/v) paraformaldehyde (PFA) (Electron Microscopy Sciences, Hatfield, PA) in ddH 2 O. Excess PFA was removed and the chambers were washed again with DPBS. 0.2% (v/v) Triton X-100 (Fisher Scientific, Waltham, MA) was prepared and applied to chambers for 7 min. Excess Triton solution was removed and chambers were again washed with DPBS. Cultures were subsequently blocked in 3% (w/v) bovine serum albumin (BSA) (Sigma-Aldrich) in DPBS at 4 C overnight. Cells were incubated with 1:200 (v/v) solution of AlexaFluor 488 phalloidin (Invitrogen) in 3% BSA at 4 C overnight. A 1:1000 (v/v) solution of Draq5 (Biostatus Limited, Leicestershire, UK) in 3% BSA was applied for 10 min at room temperature. Chambers were again washed with DPBS and Gel/MountÔ (Biomeda, Foster City, CA) was added to chambers to prevent photobleaching. Cultures were imaged using confocal microscopy as described above.
For cytoskeleton staining of HA hydrogel cultures, hydrogel-containing inserts were removed from the medium and placed in a well containing DPBS to wash. Inserts then were placed in 4% (v/v) PFA and incubated at room temperature for 20 min. Cultures were again washed in DPBS. Cultures were incubated with 0.2% Triton for 15 min at room temperature and were washed with DPBS. Cultures were blocked in 3% BSA at 4 C overnight. Culture was moved a 1:200 (v/v) solution of AlexaFluor 488 phalloidin in 3% BSA at 4 C overnight. Inserts then were incubated with a 1:1000 (v/v) solution of Draq5 in 3% BSA at room temperature for 15 min. Insert again was washed in DPBS. Gel was removed gently from the insert using a 1 ml micropipette and placed into the chambers of an 8 well Lab-Tek II chambered coverglass. Gel/MountÔ was added to the gel within the chambers and cultures were imaged using confocal microscopy as described above.
Viable/non-viable cell counts
Trypan blue exclusion was used to quantify the relative numbers of viable and non-viable cells cultured on 2D and in 3D. Twelve plastic and hydrogel cultures were prepared and part of medium (600 ml) was changed every 2 days of incubation.
Partial medium changes were utilized to minimize cell loss on plastic cultures. At days 1, 3, 5, and 7 after plating, three of each type of culture were treated with bovine testicular hyaluronidase (0.3 mg/ml) for 30 min at 37 C, then cultures were collected and cells were pelleted by centrifuging for 10 min at 5000 rpm. The supernatant was removed and 0.25% trypsin EDTA 4 Na (30 ml) was added to cell pellet, then was incubated at 37 C for 5 min. 70 ml 0.4% Trypan blue (Sigma-Aldrich) then was added to the trypsinized pellet and viable and non-viable cells were counted using a hemocytometer.
Apoptosis assays
To detect apoptosis a Cell Death Detection ELISA PLUS (Roche Applied Science, Mannheim, Germany) was used. Protocol was followed except for the following modifications to allow for use of a 24-well plate and testing of cells cultured in the HA hydrogel. Prior to the assay, cells were collected from the hydrogel and plastic with hyaluronidase and centrifugation as previously described. Colorimetric detection was carried out according to manufacturer's instructions using MRX microplate reader (Dynex Technologies, Chantilly, VA) at 405 nm excitation/490 nm emission.
Drug diffusion experiments
HA hydrogels without encapsulated cells were prepared as described above. To avoid interference during the subsequent HPLC analysis, gels were immersed in DPBS instead of T-medium. Twenty-four hours following the gelation, DPBS surrounding the insert was dosed with the respective drugs. For CPT, the drug was dissolved in DMSO to a concentration such that 1 ml of the dilution could be added to reach the desired final concentration. For DOX and RAP, the drug was dissolved in DMSO to a concentration such that 100 ml of the dilution could be added to reach the final concentration. After 6 and 24 h of drug treatment, the gels were treated with hyaluronidase (0.3 mg/ml) for 30 min and the gel component was collected separately from the DPBS component.
The amount of CPT in the hydrogel and media was measured using a FluoroMax-3 spectrofluorometer (Jobin Yvon, NJ) at an excitation wavelength of 370 nm and an emission wavelength of 434 nm. Standard solutions were prepared by diluting the stock solution of CPT (1 mg/ml in DMSO) in PBS. The calibration curve was obtained with at a CPT concentration varying from 3 ng/ml to 100 ng/ml. After 10Â dilution using PBS, the fluorescence intensity of the test samples (three replicates for each sample) was collected and the CPT concentration was determined using the calibration curve [34, 35] .
Shimadzu HPLC (Shimadzu Scientific Instruments, Columbia, MD, USA) equipped with photodiode detector (SPD-M20A) was used for the quantification of DOX and RAP concentration in hydrogels and the media surrounding the gels [36, 37] .
Separation of DOX was performed using a Curosil-PFP column (250 Â 4.5 mm, 5 mm particles size) packed with pentafluorophenyl groups chemically bonded to silica particles (Phenomenex, CA, USA). Deionized water served as solvent A and HPLC grade acetonitrile served as solvent B. A linear gradient of 25-65% solvent B over 40 min was used as the mobile phase and then the mobile phase was equilibrated with 25% solvent for 10 min. Flow rate of the mobile phase was 1.0 ml/min. The injected volume was 50 ml and eluents were detected at 228 nm. The stock solution of DOX was prepared in DMSO at concentration of 1 mg/ml. Standard solutions were prepared at concentrations of 6.0-100 mg/ml by diluting the stock solution of DOX in DPBS. All measurements were performed in triplicates.
Separation of RAP was performed using Luna C-18 (2) (250 Â 4.6 mm, 5 mm particles size) packed with silica particles (Phenomenex) . Deionized water with 0.1% trifluoroacetic acid (TFA) was used as a solvent A and HPLC grade acetonitrile was used as a solvent B. A linear gradient of 50-90% solvent B over 25 min was used as a mobile phase and maintained at 90% solvent B for another 10 min. Finally, the mobile phase was equilibrated with 50% solvent for 10 min. The flow rate of the mobile phase was 1.0 ml/min. The injected volume was 100 ml and eluents were detected at 278 nm. A stock solution of RAP was prepared in DMSO at concentration of 1 mM. Standard solutions were prepared at concentrations of 10.0-25.0 mg/ml by diluting the stock solution of RAP in DPBS. All measurements were performed in triplicates.
Statistical analysis
Error bars on all figures represent standard error of the mean (SEM). Significance was determined using Student's two sample two-tailed t-tests with a p < 0.05 considered significant.
Results
Cell growth
, viability, and morphology in 3D HA hydrogel and 2D monolayer 3.1.1
. Cell growth in HA hydrogel
First, we investigated cell growth in the HA hydrogel. Phasecontrast microscope images for C4-2B cells cultured in the 3D matrix displayed the presence of cell clusters composed of greater than 50 cells ( Fig. 2A ) that were absent in 2D monolayer culture system (Fig. 2B) . The size of these clusters increased over the 7 days of culture during which neighboring clusters were observed to merge. By day 5, we viewed processes at the edges of clusters. By counting viable cells using Trypan blue staining exclusion (Fig. 2C) , we found that cells plated on 2D monolayer increased in number rapidly between days 1 and 5 then decreased dramatically between days 5 and 7 as they became confluent and released from the flask due to their poor adherence. Interestingly, cells cultured in HA hydrogel increased in number between days 1 and 3, then stayed at a steady number from days 3-7. The number of cells was approximately equal on plastic or HA hydrogel from days 1 through 5 for which reason we conducted the drug testing experiments during that time period.
Cell viability in HA hydrogel
Next, we investigated if the HA hydrogel could preserve C4-2B cell viability. By counting total cells and dead cells using Trypan blue staining exclusion (Fig. 2D) , we observed that the percentage of dead cells in the HA hydrogel remained low and steady from days 1 through 5, after which the percent dead cells increased slightly. On 2D monolayer culture, the percentage of dead cells was Fig. 2 . C4-2B cell viability is retained when cultured in the HA hydrogels. Phase microscope images of cell cluster growth in HA hydrogel over seven days (A). Phase microscope images of cell growth on 2D plastic monolayer over seven days (B). Viable cell numbers in HA hydrogel compared to plastic over seven days (C). Trypan blue positive dead cells were excluded from these counts. Basal level of cell death in HA hydrogel or on plastic over seven days (D). Dead cells were counted after staining with trypan blue. *p < 0.05, n ¼ 3, error bars ¼ SEM.
approximately the same as those plated in the HA hydrogel from days 1-3, while by day 5 the percentage of dead cells increased dramatically compared to the hydrogel and remained the same through day 7. Additionally, by using live/dead staining viewed using confocal microscopy, it was observed that there are few dead (red) cells whether the cells are plated on 2D monolayer (Fig. 3C ) or in the HA hydrogel (Fig. 3D) . Again, the number of dead cells was approximately the same between the 2D monolayer culture and the HA hydrogel as determined by live/dead immunostaining.
Cell morphology in HA hydrogel
Finally, we investigated the effects of HA hydrogel culture on cell morphology. We compared the cell morphology of C4-2B cells plated on plastic or in the HA hydrogel using various microscopy techniques. On 2D monolayer, the C4-2B cells showed a spread-out morphology typical of this cell type on tissue culture plastic. This morphology was observed using phase microscopy ( Fig. 3A) and cytoskeleton and nuclei immunostaining (Fig. 3E) . The cytoplasm was elongated and nuclei appeared to be flattened against the 2D surface and cell-cell contacts were limited in sub-confluent cells. Using the same microscopy techniques that were used to visualize cells in 2D monolayer culture, C4-2B cells plated in the HA hydrogel displayed a rounded, clustered morphology with clearly distinct rounded nuclei evident (Fig. 3B and F) . The cytoplasm was rounded in these cells, giving the illusion of smaller cells when viewed from a single plane, and cell-cell contacts within clusters appeared to be more extensive than the same cells on 2D. These results showed that cells in the hydrogel displayed a rounded, clustered morphology distinct from the spread morphology on 2D monolayer culture.
Drug diffusion into HA hydrogel system
To show that hydrophobic drugs, initially dissolved in DMSO, diffused into the hydrogel matrix when added to the medium surrounding the hydrogel, we measured the drug content within the hydrogel and the medium after 24 h of the drugs being introduced. The total amount of drug from the gel and the surrounding media were found to equal the total amount of drug initially added. The drug concentration in the 3D matrix was similar to the concentration in the surrounding medium, although the slopes shown in Fig. 4 did not achieve a precise slope of 1.0 as they would if the concentrations were completely uniform. CPT diffused into the gel within 24 h of addition to the medium, and was concentrated in the gel to a factor of 1.14 ( Fig. 4A) . DOX also penetrated the gel within the same time period, but was more concentrated in the medium than in the gel (by a factor of 1.2, Fig. 4B ). Using these figures, the actual concentration of drug within the hydrogel was calculated. These calculated values were used to analyze data in subsequent sections.
HPLC analysis of freshly prepared RAP standard solutions revealed a distinct peak at a retention time (RT) of 19.6 at a maximum UV absorption wavelength of 278 nm (Fig. S1 ), corresponding to the intact RAP. A linear calibration curve was constructed using stock solutions with an RAP concentration of 10-30 mg/ml. The presence of HA, HAase, and PBS did not interfere with RAP quantification. On the other hand, no distinguishable peaks were detected at RT of 19.5-19.6 min for both the media and the gel samples after a 24 h drug treatment (data not shown). HPLC analyses were subsequently performed on an RAP solution (25 mg/ml in PBS/DMSO) that had been incubated at 37 C for varying times. Our results showed that as the incubation time increased, the characteristic RAP peak (RT ¼ 19.5-19.6 min) decreased in intensity, while two additional peaks RT of 13.1 and 13.9 min increased in intensity correspondingly (Fig. S1) . After 24 h incubation, the intensity of the original RAP peak had decreased close to the level of background noise.
Cell killing by CPT in HA hydrogel
To ensure that the drugs can kill the cells within the hydrogels, live/dead staining of CPT or DMSO treated cells was carried out (Fig. 5A-B) . When cells were treated with CPT in the HA hydrogel, there was an increased number of dead (red) cells compared to DMSO control. The dead cells were evenly spread throughout the viewing area, further showing that the drugs evenly penetrated the HA hydrogels. A magnification of a single cell cluster with horizontal and vertical cross-sections showed that the cell clusters were several cell-layers thick, in addition to being wide and long, and that the CPT treatment first killed cells on the outside surface of the clusters (Fig. 5C ). Together these results show that the drugs can diffuse readily through the HA hydrogel, causing cell death, and the drug treatment may kill cells in the clusters from the outside in.
3.4. HA hydrogel as a system for testing the efficacy of anti-cancer drugs
Dose response killing of anti-cancer drugs
We next tested the applicability of the HA hydrogel as a system for drug selection by comparing the effects of several different anticancer drugs on C4-2B cells cultured in 3D HA matrices or on 2D plastic surfaces. For a CPT dose response assay (Fig. 6A) , both HA hydrogel and plastic cell culture systems showed smooth plateau dose response curves with an IC50 value of 0.574 nM. Interestingly, at higher concentrations of CPT, the HA hydrogel system showed a significantly more robust apoptotic response compared to plastic. For a DOX dose response assay (Fig. 6B) , both HA hydrogel and plastic cell culture systems showed a smooth plateau dose response curve with the same level of apoptotic response and an IC50 value of 2 nM. As the DOX stock solution aged, cells showed a decreased apoptotic response due to DOX degradation, so results shown were collected within two weeks of preparation of DOX stock solution. RAP treatment (Fig. 6C) showed no increase in apoptosis over control for any concentration both in the HA hydrogels or on the plastic surfaces. The x-axes of Fig. 6 are the calculated final drug concentrations in the media. The same trend of apoptosis was observed when the drug concentration was converted to the actual concentration in the hydrogel based on the drug diffusion data (data not shown). 
Time response killing of anti-cancer drugs
To test the ability of optimized doses of various treatments to kill cells in 2D or 3D cultures over time, we conducted time course response experiments. Over 24 h treatment with CPT (Fig. 7A ) cells in the HA hydrogel showed a faster and more robust response to the CPT treatment than cells plated on plastic from 8 through 24 h of treatment. Both the HA hydrogel and 2D monolayer systems showed smooth plateau time course response curves. No significant cell death was observed when the drug treatment was less than 6 h, both in 3D hydrogel matrices and on 2D monolayer culture.
Combined killing effects of anti-cancer drugs
A combination of CPT and DOX (Fig. 7B) showed no increase in apoptosis over CPT alone either in the hydrogels or on plastic surfaces. However, a combination of DOX and RAP (Fig. 7C) showed a significant (p < 0.05) increase in apoptosis over DOX alone. This trend was observed in both HA hydrogel and 2D monolayer cultures. Additionally, while the level of apoptosis for DOX alone was equal in the HA hydrogel and plastic cultures, the level of apoptosis for the combination therapy was significantly higher in the HA hydrogel than on plastic.
Discussion
We describe the use of a novel 3D HA-based hydrogel system for testing the efficacy of anti-cancer drugs on the C4-2B bone metastatic prostate cancer cell line. The hydrogel mimics the bone marrow microenvironment of these cancer cells that is rich in HA [23] . Our HA hydrogel system has the advantage of being able to spontaneously crosslink, allowing the prostate cancer cells to be encapsulated directly, rather than needing to migrate in as required in most other previously described systems [18, 38] . Cell encapsulation provides a useful method for testing drugs on poorly adherent cells, such as C4-2B. This problem has prevented the NCI-60 drug testing system from including some of the most physiologically relevant but poorly adherent prostate cancer cell lines. Finally, the HA components can be synthesized reproducibly and with defined quality controls to prevent the batch-to-batch heterogeneity that other isolated biological matrices show [20] and can be degraded with hyaluronidase application for easy removal of cells from the system [39] .
Previous publications have described the use of 3D cell culture systems for testing the efficacy of chemotherapeutic drugs. Research groups growing cancer cells in HA hydrogels [38] , collagen/fibrin gels [18] , surface engineered porous microparticles [40] , and fibroblast-derived 3D matrices [20] have shown differential drug sensitivity when compared to the same cells grown on 2D monolayer culture. Many of these current systems have serious limitations in that: a) they require migration of the cells into the hydrogel before drug testing can occur, b) are not highly biomimetic, and/or c) lack a method of consistently producing the same matrix for 3D study. In this study, we address these issues with our own 3D drug testing system. HA derivatives carrying complementary aldehyde (HAALD) and hydrazide (HAADH) groups were successfully synthesized and characterized. The degree of chemical modification and the molecular weight of the products were monitored closely to ensure reproducibility and to minimize batch-to-batch heterogeneity. Because of the presence of an open-ring structure (Fig. 1) , HAALD exhibited reduced solution viscosity compared to HAADH of the same concentration and comparable molecular weight, allowing C4-2B cells to be readily dispersed without any noticeable cell damage. Upon addition of HAADH, viscoelastic gels were obtained via the formation of stable hydrazone bond, with water being the only by-product.
We showed that the HA hydrogel is a viable cell culture option to study the sensitivity of bone metastatic prostate cancer cells to chemotherapeutic agents. Cells in the hydrogel remained viable longer than cells plated on plastic. By day 7, a significant reduction in the number of cells was seen on 2D monolayer, due to cell detachment and death. Around day 5, cells in the hydrogel were remodeling the matrix surrounding them by sending out processes and altering their morphology ( Fig. 2A) . This may be attributed to the cells' production of hyaluronidases and/or the activation of motility pathways due to interactions between HA and its receptors, CD44 and RHAMM [27] [28] [29] . Ongoing studies will determine if these molecules play an important role in the cancer cells' interaction with the HA hydrogel matrix and to characterize the downstream signaling pathways. C4-2B cells cultured in the HA hydrogel showed an interesting change in morphology compared to the same cells plated on plastic. The cells in the hydrogel show a rounded, clustered morphology reminiscent of tumors in vivo, indicating that the cells in the hydrogel may be behaving like true cancer cells in tumors. Before using the system to test the efficacy of anti-cancer drugs it was imperative to confirm that the drugs could diffuse into the HA hydrogel. We have found that both CPT and DOX readily diffused into the HA hydrogel from the surrounding medium. CPT was concentrated slightly in the gel while DOX was concentrated slightly in the medium surrounding the gel. The actual drug concentration used in the apoptosis assays is beyond the detection limits of HPLC and spectrofluorometer. Accordingly, we used higher concentrations of drugs to confirm diffusion from the medium into the gel and were able to extrapolate from plots ( Fig. 4A and B) to lower drug concentrations which were used in the biological experiments. Because molecular diffusion is concentration independent [41] , our use of higher concentrations for extrapolation remains valid.
Because RAP has a similar molecular weight and solubility compared to CPT and DOX (Table 1) , we believe that RAP also would diffuse readily into the HA hydrogel from the surrounding medium. RAP has been reported to undergo facile hydrolysis under physiological conditions with a half life of 13 h [42] . Our data supports this report showing rapid degradation of RAP within 24 h (Fig. S1) . Therefore, the susceptibility of RAP [42] to hydrolytic degradation and the presence of different types of isomers in the degraded products prohibited accurate diffusion measurements. The stability of rapamycin when administered in vivo or when added into cell cultures is increased by the presence of serum proteins [43] . Therefore, these observations do not contradict the results summarized in Fig. 7 , nor do they contradict our recent detailed studies of the interaction of rapamycin with C4-2B cells grown on 2D [44] .
When treated with chemotherapeutic agents, cells cultured in the HA hydrogels died, and did so evenly throughout the gel, as also occurs on 2D monolayer culture. By magnifying a single cluster of CPT treated cells, we showed that in the initial stages of treatment, the drug kills only some of the cells within a single cluster and, additionally, the cells appear to be dying from the outside of the cluster in. This is likely because the drug, which is able to diffuse readily through the hydrogel, cannot easily penetrate the cell clusters and the outer cells of the cluster may protect the inner cells. We have not examined the presence of drug transporters in this study, but differential transport of drug in 2D versus 3D cultures could occur as a result of the clustering and morphological differences. These observations may provide insight into how drug treatment affects tumors in vivo. Similar results were reported by Hicks et al. [45] who studied hypoxia targeted anti-tumor drugs in 3D in vitro systems as well as in tumor xenografts.
Cells cultured on plastic and in the HA hydrogel both displayed a smooth plateau dose-response curve for increasing concentrations of CPT and DOX. As expected based on previous reports, no apoptotic response was displayed for RAP treatment on plastic or in the hydrogel [44, 46] . For CPT, cells cultured in the HA hydrogel showed a higher apoptotic response for a given concentration of drug than did those cultured on plastic. Several reasons could account for this observation. Being cultured in a 3D environment or in the presence of HA changes the cells' expression and activation levels of various proteins. To name a few examples, HA specifically, and flexible 3D networks generally, change levels of focal adhesion kinase (FAK) activation [29, 47] . Additionally, the interaction of HA with CD44 activates RhoA, leading to the regulation of a number of downstream targets [27] . One or more of these changes in expression or activation of proteins likely is responsible for the difference in sensitivity to CPT.
The HA hydrogel cell culture system also can be used successfully to study time courses and responses to combinations of anticancer drugs. In the HA hydrogel, C4-2B cells showed a more robust, faster apoptotic response to CPT treatment compared to those cells plated on the 2D monolayer. C4-2B cells cultured in the HA hydrogel were shown to have an increased sensitivity to RAP and DOX in combination. The likely reasons for this are the gene expression and activation changes common when comparing cells cultured in 3D and 2D systems mentioned above. For the combination therapies, CPT and DOX did not function synergistically, while a combination of DOX and RAP showed an enhanced killing effect. This combination of DOX and RAP has been shown previously to have synergistic effects in a mouse model [48] and a phase I clinical trial combining DOX with a soluble analogue of RAP is ongoing.
Collectively, we have shown that a novel, spontaneously crosslinking HA hydrogel system maintains prostate cancer cell growth and viability and provides a good platform for drug testing in dose, time, or combination killing formats. By encapsulating bone metastatic prostate cancer cells which adhere poorly to plastic, this system could be adapted for use in high-throughput screening applications such as in the NCI-60 database. Interestingly, we also have shown that cancer cells cultured in the HA hydrogel system respond to CPT treatment more robustly than the same cells cultured on plastic. These differences could be reflective of how cancer cells respond in vivo, and support previously published reports [13, 14, 22] stressing the difference in expression and activation profiles of cells cultured in a 3D system in the presence of extracellular matrix molecules. Ongoing experiments will examine the differences in expression and activation of genes and proteins in our 3D HA-based hydrogel system in comparison to 2D monolayer culture. By specifically investigating pathways responsible for chemotherapy resistance and increased cancer cell motility in poorly adherent cells resembling native tumors, we provide a good next step toward testing of novel anti-cancer drugs.
Conclusion
In this report, we describe a HA-based hydrogel system to encapsulate cancer cells for drug testing purposes. This HA hydrogel system supports cell growth and viability. In the hydrogels, cancer cells adopt a rounded, clustered morphology reminiscent of tumor tissue in vivo. Drugs readily diffuse into the HA hydrogel to kill cells and the HA hydrogel allows testing of anticancer drugs for dose and time dependence. Single agent and combinations of agents were tested. Interestingly, the prostate cancer cells cultured in the HA hydrogel responded differently to therapeutics than did the same cells cultured on plastic. This system provides a useful new alternative to study anti-neoplastics on poorly adherent cell types such as those which have metastasized to the bone marrow and have the potential to expand the list of prostate cancer cells for high-throughput testing.
